Abstract-The demands for mobile communication services are growing rapidly. In heavily populated areas, cell splits are unavoidable to increase the capacity of the cellular system. Cell splitting makes a cellular system have mixed cell sizes. For cell planning, it is necessary to analyze the reverse link capacity of a code-division multiple-access (CDMA) cellular system with mixed cell sizes. In this paper, we propose a method to calculate the reverse link capacity of a CDMA cellular system with mixed cell sizes. When a macro cell is split into three micro cells, as an example, we calculate the reverse link capacities for the three micro cells and the neighboring macro cells. The results show that as the radius of a micro cell decreases, the reverse link capacity of the micro cell increases, while those of the neighboring macro cells decrease.
I. INTRODUCTION
R ECENTLY, the demands for mobile communication services have been growing rapidly. In order to solve the problem of exploding demands for these services, a digital cellular system using the code-division multiple-access (CDMA) technique was proposed [1] , [2] . The capacity of a CDMA cellular system is larger than that of a frequency-division (FDMA) or time-division (TDMA) system. The capacity of a CDMA cellular system depends on the received interference level or propagation loss [3] .
In cellular systems, cell size is determined based on the traffic load and population density of the service area. In heavily populated areas, cell splits are unavoidable to increase the capacity of the cellular system. After cell splitting, macro cells are split into small micro cells. The split cells have different cell sizes from those of the other cells surrounding them. Then the cellular system is configured with cells of mixed sizes. In a uniform cell size environment, all the cells are in the identical condition and the interferences received by individual cells are equal. Therefore, every cell has the same reverse link capacity. In a mixed cell size environment, however, each cell has different outer cells and the interferences received by individual cells are different from each other. Thus, each cell will have a different reverse link capacity.
For cell planning, it is necessary to calculate the reverse link capacities of the split micro cells and the neighboring macro cells. In addition, we need to know how the cell splitting affects the neighboring macro cells. Gilhousen [3] calculated the reverse link capacity of a CDMA cellular system with uniform cell size. Shapira [4] calculated the capacity gain in overlay-underlay micro cells. In previous studies, however, no one calculated the reverse link capacity of a CDMA cellular system with mixed cell sizes. In this paper, we propose a method to calculate the reverse link capacity of a CDMA cellular system with mixed cell sizes and calculate the reverse link capacity for different cell sizes. The remainder of this paper is organized as follow. In Section II, the reverse link capacity of a cellular system with uniform cell size is calculated by computer simulation. In Section III, the reverse link capacity of a CDMA cellular system with mixed cell sizes is calculated. In Section IV, conclusions are presented.
II. REVERSE LINK CAPACITY IN UNIFORM CELL SIZE
In this section, we calculate the reverse link capacity of a CDMA cellular system with uniform cell size by computer simulation. Consider an ideally power-controlled CDMA cellular system with a given cell surrounded by many outer cells. Each user within this cell is power controlled such that the received signal power from each user has the same power. If there are users per cell, then it can be assumed that the cell receives the desired signal power from a user; ( ) interfering signals, each also of power from other users; and interference from the outer cells. For this system, the reverse link capacity of the cell can be calculated by using [3] (1) where and (2) and is the frequency band assigned, is the number of users that are in voice active state, is the bit rate, is energy per bit to interference density ratio, is background noise, is voice activity factor, and and Var are mean and variance of , respectively. The reverse link capacity is defined as the maximum integer satisfying BER . The reverse link capacity is easily calculated 0018-94545/00$10.00 © 2000 IEEE from (1) if and Var are given. In order to estimate and Var , the propagation loss should be considered first. In general, the propagation loss is modeled as the product of the th power of distance and a log-normal component representing shadowing losses. For a user at a distance from a cell site, propagation loss is proportional to (3) where is the dB attenuation due to shadowing and a Gaussian random variable with zero mean and standard deviation dB.
Since each user within a cell is power controlled, the transmitted signals arrive at the cell site with the same power . Thus, given users per cell, the total interference is never greater than , however, on the average, it is reduced by the voice activity factor [3] . The transmitted power of the user can be expressed as (4) If an interfering user is located at distance from its cell site and distance from the given cell site, the user, when active, produces the interference to the given cell site equal to (5) Assuming a DS-CDMA cellular system with outer cells and users per cell, then the total other cell user interference-to-signal ratio is (6) where is the interference produced by user in cell , and is a random variable to represent voice activity for the user. The distribution of the random variable is given as (7) [3] with probability with probability (
Then, the mean and variance Var of are calculated by
where denotes the number of total sample. In this paper, a total of 20 000 samples are obtained from (6) and computer simulation under the assumptions that the cell shape is hexagonal [5] , the antennas in cell sites are omnidirectional, mobile users are uniformly distributed in the cellular system service area, all the cells have the same number of users, , dB, and voice activity factor . In this simulation, 18 outer cells are considered since the in- terference from other cells beyond the 18 outer cells is negligible. Fig. 1 shows the cell configuration used in the simulation. The obtained and Var are 0.250 and 0.086 , respectively. The values are nearly equal to the analytically obtained values and Var [3] . is shown in Fig. 2 , when MHz, kbps, the required dB, and dB. In this simulation, we obtained channels.
III. REVERSE LINK CAPACITY IN MIXED CELL SIZE
In Section II, we calculated the reverse link capacity of a CDMA cellular system with uniform cell size by computer simulation. The procedures can be summarized as follows.
1) The first step is to obtain the samples of . 2) The second step is to obtain and Var from the samples.
3) The last step is to substitute the values of and Var into (1) and calculate the reverse link capacity by finding the largest integer satisfying . In a uniform cell size environment, individual cell has identical and Var since every cell is in the same condition. In a mixed cell size environment, however, the individual cell does not have the same cell size and outside environment and receives a distinct amount of interference from outer cells. Furthermore, due to different cell size, each cell has a different received signal power . Thus, each cell will have different values of and Var from the other cells. Each cell will have a different reverse link capacity. In order to calculate the reverse link capacity for each cell, we should know and Var for each cell. In this paper, we propose a method to obtain and Var in a mixed cell size environment.
Let denote the received signal power at the cell site of cell . We will calculate for a given cell size, considering the maximum transmission power of a mobile phone. After that, we will calculate , , and Var . Finally, we will obtain the reverse link capacity for the given cell. A cell size in a CDMA cellular system is mainly determined by the path loss and the pilot signal power transmitted at the cell site. Fig. 3 shows cell boundary conditions for reverse and forward links [2] , [4] .
The received signals from mobile users are power controlled to have the same power regardless of the distance between the cell site and a mobile user. In this paper, an ideal power-controlled CDMA system is assumed for the analysis of reverse link capacity. When a mobile user transmits a signal at a cell boundary, the received signal power at the cell site depends on the cell size as shown in Fig. 3 . If a mobile user belonging to cell is located at the cell boundary, the received signal power can be expressed as (10) where is the transmit signal power of the mobile user, which has a range from zero to , and and are the radius of cell and the corresponding shadowing factor (zero mean and dB standard deviation), respectively. From (10), we obtain (11)
Since the standard deviation of 10 is 0 dB in the ideal power control [6] , it is clear that 10 is a Gaussian random variable with a mean of 10 10 and a standard deviation of dB. In CDMA cellular systems, the interference received at a cell site is proportional to the number of other users. Therefore, as the number of other users increases, should be increased so that 10 will be increased. An outage occurs when 10 10 . If the system requires that the outage probability be less than 0.01, then 
The received signal power at the cell site of cell , , can be defined as maximum satisfying . The cell site of cell will require when the cell is in fully loaded state. For the calculation of full capacity of the CDMA cellular system, we assume, henceforth, that the system is in the fully loaded state. It is important to note that if cell requires larger than due to the increase of the number of other users, the call of the mobile user having maximum path loss will be forcedly terminated.
The (in dB scale) is obtained as
In a similar manner, the received signal power at cell , can be expressed as (14)
The logarithmic ratio of to is If and are assumed to have an equal probability distribution, then can be simplified to
When a mobile user is located at the cell boundary between cell and cell , the average received pilot signal power from the cell site of cell is equal to that from the cell site of cell , which is (18) where and are the pilot signal power transmitted by the cell site of cell and the cell site of cell , respectively. Rearranging the terms of (18), can be expressed as
Let us assume that a mobile user is located at the distance of from the cell site of cell and from the cell site of cell . The mobile user will select cell as the serving cell (20) If the mobile user selects cell , the mobile user is power controlled by cell . Since the received signal power at cell is , the signal power transmitted by the mobile user can be expressed as (21) Then the interference produced by the mobile user to the cell site of cell , , is, when active
Recalling the relation, the interference-to-signal ratio at the cell site of cell can be expressed as (23) If a CDMA cellular system consists of nonuniform cells and there are users for cell , then the total other cell user interference-to-signal ratio at the cell site of cell is (24) where denotes the interference produced by the th user in cell .
and Var for cell can be evaluated by using (24), (8), and (9). The reverse link capacity for cell can be calculated by substituting the values of and Var into (1). As an example for mixed cell sizes, we assume that center macro cell in Fig. 1 is split into three micro cells (  ,  , and ) and the new cell sites are located at the center of the split cells. The cell configuration is shown in Fig. 4 . The second tiered cells ( ) are omitted in Fig. 4 . The antennas used in the cellular system are assumed to be omnidirectional. The dotted circles in Fig. 4 represents antenna coverages of the cell. The bold line represents cell boundary of the micro cells. When designing a cell or splitting a cell into smaller cells, forward and reverse link balancing should be considered [2] . However, since the link balancing is not within the scope of this paper, we simply assume that the forward and reverse links are balanced when building micro cells for this example.
In the cellular system shown in Fig. 4 , the reverse link capacity of the first tiered macro cell is heavily affected and is likely to be reduced by the new micro cells. However, that of the second tiered macro cell is affected very little because of not only the capacity reduction in the first tiered macro cells but also enough distance between the second tiered macro cells and the micro cells. In this paper, the reverse link capacity of the micro cell will be calculated first. After that, the reverse link capacity of the first tiered macro cell will be calculated.
In Fig. 4 , micro cell receives interference not only from the 18 outer macro cells but also from two neighboring micro cells and . If an interfering user is located at distance from its cell site and distance from micro cell , the ratio of signal to the total interference received at from the other cells is expressed as (25) where is the nominal reverse link capacity before cell split, and are the reverse link capacity for the first tiered macro cells and the micro cells after cell split, and and are the radius of the micro cell and the macro cell, respectively. Similarly, if an interfering user is located at distance from its cell site and distance from macro cell , which is one of the first tiered cells, the ratio of signal to the total interference received at from the other cells is expressed as (26) From Fig. 4 , is equal to and is 35, as obtained in Section II. A total of 20 000 and samples are obtained through the computer simulation based on (25) and (26).
and Var for the macro cell and and Var for the micro cell are evaluated by using (8) Table I , where we also calculate the reverse link capacities when is equal to . From the results, we can see that the radius of the cell is one of the factors affecting the reverse link capacity of the cell.
Note that the reverse link capacity of the micro cell increases as decreases. On the other hand, the reverse link capacity of the first tiered macro cell significantly decreases as decreases. As decreases, increases, as shown in Fig. 3(a) . Then the reverse link capacity increases since decreases. That can be easily predicted from and terms in (25) and (26). The results show that the reverse link capacity of the first tiered macro cells is decreased by cell split. This is because of the increased interference resulted from the increased number of users in the split cell area. In FDMA cellular systems, channel capacity is simply increased as much as frequency reuse by cell split. Also in CDMA cellular systems, reverse link capacity in a service area can be increased by cell split. When is after the cell split, the reverse link capacity in the split cell area is undoubtedly increased from 35 channels to channels. However, the capacity increase is obtained at the expense of the reverse link capacity decrease at the first tiered macro cells surrounding the split cells. That is, the reverse link capacity in the first tiered cells decreases from 35 to 29 channels.
In this paper, we define a cell split gain (CSG) as (27) where and are the reverse link capacity for the first tiered macro cells and the micro cells after the cell split; and are the macro and micro cell number; and and are the cell number and the reverse link capacity before cell split, respectively. Before the cell split, the total reverse link capacity in the cellular system was (channel number) (cell number) channels. When is after the cell split, it becomes (channel number) (micro cell number) (channel number) (the first tired cell number) channels. Therefore, the cell split gain is . When is , the gain becomes .
IV. CONCLUSION
In very densely populated areas, it is unavoidable to split the macro cells into small micro cells to increase the capacity of the cellular system. Cell splitting makes the cell sizes of the system nonuniform. In this paper, we proposed a method to analyze the capacity of the CDMA cellular system with mixed cell sizes and calculated it. We show that the reverse link capacity of the split cell increases as the cell size decreases. Then, however, the interference to the neighboring macro cell produced by the micro cell increases as the micro cell size decreases. We show that the total reverse link capacity of the CDMA cellular system is not much increased by cell split. The capacity of the CDMA cellular system is dependent on interference from other users. The results of this study will be useful for cell planning and the reverse link budget design of CDMA cellular systems.
